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Abstract
The well-known Generalized Processor Sharing (GPS) scheduling principle and its variants have received tremendous research
efforts due to their appealing properties of fairness, traffic isolation, and work conservation. Traffic self-similarity is highly detri-
mental to the performance of scheduling mechanisms and communication networks. This paper proposes a novel and heuristic
flow-decomposition approach to performance modeling of the GPS system under self-similar traffic. Based on the comprehen-
sive analysis of the excess service sharing behavior of traffic flows, we decompose the GPS system equivalently into a group of
single-server single-queue systems. Extensive simulation experiments are used to validate the correctness of the proposed flow-
decomposition approach as well as the analytical performance results.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction
Differentiated Quality-of-Service (QoS) requirements of multimedia applications pose significant challenges to the
design and operation of traffic scheduling mechanisms in network switches or routers. The well-known Generalized
Processor Sharing (GPS) principle [19,20] has been proposed as an efficient scheduling mechanism to share the
capacity of communication links in a flexible and fair manner. GPS assigns each traffic flow a fixed weight that can
guarantee a minimum service rate even though other traffic flows may be greedy in demanding service. This property
prevents individual traffic flows from experiencing service starvation. Moreover, it enables switches to isolate different
traffic flows and provide them with differentiated QoS. GPS and its variants have received tremendous research efforts
(e.g., [10,15,23–25,27,28]) due to their desirable properties of fairness, traffic isolation, and work conservation [13].
Many measurement studies have convincingly revealed that realistic traffic in communication networks and mul-
timedia systems [2,5,8,9,21,22] exhibits noticeable self-similar or Long Range Dependent (LRD) nature (i.e., scale-
invariant burstiness and high-lag correlation). Self-similarity has been recognized as a key notion in the understanding
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scales is highly detrimental to network performance and user-perceived QoS.
Modeling and analysis of GPS systems subject to self-similar or LRD traffic have drawn significant interest in
the communication research community [3,4,6,7,11,12,27]. Fonseca et al. [6] developed an algorithm for calculating
the queue length and delay bounds of GPS systems fed with self-similar fractional Brownian motion (fBm) traffic.
However, its computational cost is very high due to the large number of loops inherent in this algorithm. Yu et al. [27]
investigated the queue length distribution of GPS systems subject to LRD traffic by decomposing the original systems
into isolated Single-Server Single-Queue (SSSQ) systems. They developed a loose upper bound for the queue length
distribution of individual traffic flows, but failed to provide a corresponding lower bound. Mannersalo and Norros
[11,12] derived analytical upper and lower bounds for the total queue length distribution of GPS systems with general
Gaussian input using Large Deviation Principles (LDPs). Borst, Mandjes, and van Uitert [3,4] studied a GPS system
with two traffic flows: one is light-tailed and the other is heavy-tailed. But they only derived the asymptotic queue
length distribution of the light-tailed traffic under a rigorous condition that the intensity of such traffic is smaller than
its guaranteed service rate.
With the aim of developing a concise and cost-efficient analytical tool for performance analysis and evaluation of
GPS systems subject to self-similar traffic, this paper proposes a novel and heuristic flow-decomposition approach
and presents the analytical upper and lower bounds for the queue length distributions of individual traffic flows.
Specifically, we identify the problems of existing flow-decomposition methods and develop a novel and cost-effective
approach that can efficiently divide the original GPS system equivalently into a group of SSSQ systems and derive
their service capacities. We validate the effectiveness and accuracy of the flow-decomposition approach through com-
parisons between analytical bounds and extensive simulation results.
The rest of this paper is organized as follows. Section 2 describes the GPS system to be addressed in this study
and briefly presents the method for modeling self-similar traffic. In Section 3, we identify the problems of existing
flow-decomposition methods and propose a new approach that can equivalently decompose the GPS systems into
tractable SSSQ systems. Next, in Section 4 we present an LDP-based analytical method for deriving the upper and
lower bound of the queue length distribution of an SSSQ system. Through extensive simulation experiments, we
validate the effectiveness and accuracy of the proposed flow-decomposition approach in Section 5. Finally, Section 6
concludes the paper.
2. The GPS system subject to self-similar traffic
This section describes the addressed GPS system and presents the method for modeling self-similar traffic.
2.1. The GPS system
Figure 1 illustrates a schematic diagram of the GPS system which is fed with two independent self-similar traffic
flows. Each flow is equipped with a dedicated buffer. The weights assigned to the flows are μ1 and μ2 (μ1 +μ2 = 1).
The service capacity of the system is denoted with C. The guaranteed service rates of the two flows can then be
expressed as μ1C and μ2C, respectively.
Let Ai(t) (i = 1,2) and Ai(s, t) = Ai(t)−Ai(s) represent the cumulative amount of traffic flow i arriving at time
t and during time interval (s, t], respectively. Thus, we can denote the total amount of traffic fed into the GPS system
Fig. 1. A schematic diagram of the GPS system.
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total queue length of the GPS system at time t can be given by [16]
Q(t) = Q1(t) + Q2(t) = sup
st
{
A(s, t) − C(t − s)}, (1)
where Q1(t) and Q2(t) are the individual queue lengths of traffic flows 1 and 2 at time t , respectively.
2.2. Modeling self-similar traffic
The seminal work of Leland et al. [8] has triggered an explosion of research on traffic self-similarity (e.g., [14,26,
29]), which has been discovered as a ubiquitous phenomenon in modern communication networks and multimedia
systems, including wired local-area networks [8], wide-area networks [21], wireless and mobile networks [9,22],
World Wide Web [5], and Variable-Bit-Rate (VBR) video systems [2]. So far, many models have been developed to
characterize traffic self-similarity or generate self-similar traffic traces. Among those models, fBm is identified as the
most efficient way for modeling and generating self-similar traffic [16] and is thus adopted by this study.
Following [16], the cumulative amount, Ai(t), of an fBm traffic flow i arriving at time t can be given by [16]
Ai(t) = mit + Zi(t), (2)
where mi is the mean arrival rate and Zi(t) = √aimiZ¯i(t). Here, ai is the variance coefficient of Ai(t); Z¯i(t) is a
centered fBm. We can derive the variance and covariance functions of Zi(t) as follows:
vi(t) = Var
(
Zi(t)
)= aimit2H , (3)
Γi(s, t) = 12aimi
(
t2H + s2H − (t − s)2H ), (4)
where H ∈ [0.5,1] is Hurst parameter, indicating the degree of self-similarity [8,21]. The higher H is, the greater the
degree of self-similarity.
3. Flow-decomposition of the GPS system
The equivalent flow-decomposition aims to divide the complex GPS system into individual and tractable SSSQ
systems. Figure 2 presents a schematic diagram of the SSSQ systems, resulting from the equivalent decomposition
of the original GPS system. The key task of flow-decomposition is to investigate the service capacities, namely, ci
(i = 1,2), of the individual SSSQ systems by analyzing how the excess service can be re-distributed among traffic
flows.
Fig. 2. A schematic diagram of flow decomposition.
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In [27,30], GPS systems are decomposed into SSSQ systems in order to derive the upper bounds of the queue length
distributions of individual traffic flows. Zhang et al. [30] have demonstrated that N traffic flows in a GPS system can
be reordered and relabeled with i = 1,2, . . . ,N such that
∀i ∈ {1,2, . . . ,N}, mi  μi∑N
k=i μk
(
C −
i−1∑
k=1
mk
)
. (5)
Let SSSQi denote the ith SSSQ system obtained from the decomposition of the GPS system. Let δi(t) be the queue
length of SSSQi at time t . It is shown in [30] that the queue length, Qi(t), of traffic flow i in the GPS system at time
t follows the inequality below
Qi(t) δi(t) + μi∑N
k=ii μk
i−1∑
k=1
δk(t). (6)
In particular, when the guaranteed service rate μiC of traffic flow i is larger than its mean arrival rate mi (i.e.,
μiC > mi ), Refs. [27,30] suggest to set the guaranteed service rate μiC to be the service capacity of SSSQi , i.e.,
ci = μiC, as this flow is not affected by other traffic flows. However, due to the work-conserving nature of GPS
systems, the actual service received by any traffic flow i may be more than its guaranteed service rate. Therefore, the
upper bounds derived by this method could be considerably loose.
In order to justify the above argument, Fig. 3 compares the analytical bounds and the simulation results of the
queue length of individual traffic flows in a GPS system subject to two fBm traffic flows, the parameter settings of
which are C = 120, H = 0.8, m1 = 65, μ1 = 0.6, m2 = 40, and μ2 = 0.4. This setting indicates that both traffic flows
have guaranteed service rates larger than their corresponding mean arrival rates. The analytical bounds are obtained
using the method to be described in Section 4 and setting ci = μiC. Figure 3 reveals that the simulation results (i.e.,
the curves with sign ‘∗’ for flow 1, and with sign ‘♦’ for flow 2) are situated completely outside the scopes between
the corresponding analytical upper bounds (i.e., the solid curve with ‘’ for flow 1, and the dashed curve with sign ‘◦’
for flow 2) and lower bounds (i.e., the solid curve with ‘’ for flow 1, and the dashed curve with sign ‘’ for flow 2).
We can conclude that the analytical upper bounds are considerably loose and the lower bounds are completely invalid
if we simply set the guaranteed service rates of traffic flows to be the service capacities of the corresponding SSSQ
Fig. 3. A comparison between analytical upper and lower bounds and simulation results of the queue length distributions.
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accurate flow-decomposition approach.
3.2. Sharing excess service among traffic flows
According to the GPS scheduling principle, if the actually required service, Qi(s) + Ai(s, t), of traffic flow i
during time interval (s, t] is less than its guaranteed service, μiC(t − s), the temporarily excess service, μiC(t − s)−
(Qi(s) + Ai(s, t)), may be taken by flow j (j = i), provided that this flow is in need of additional service because
its guaranteed service is less than its actually required service, i.e., μjC(t − s) < Qj(s) + Aj(s, t). Intuitively, this
excess service sharing behavior occurs between traffic flows i and j , if their parameter settings satisfy the condition:
mi < μiC and mj > μjC. Under this situation, flow i is guaranteed excess service while flow j is frequently in need
of additional service. Consequently, flow i shares its excess service with flow j .
Actually, the excess service sharing behavior also happens frequently in the GPS system where the arrival rates
of traffic flows i and j are less than their guaranteed service rates, i.e., mi < μiC and mj < μjC. Although both
flows under this situation have temporarily excess service in most time intervals, due to the stochastic and noticeable
bursty nature of self-similar traffic there exist some time intervals, say, (s, t], when μiC(t − s) < Qi(s)+Ai(s, t) and
μjC(t − s) > Qj(s) + Aj(s, t), or μiC(t − s) > Qi(s) + Ai(s, t) and μjC(t − s) < Qj(s) + Aj(s, t). As a result,
flow i in these time intervals shares its excess service with flow j , or vice versa. Consequently, the actual services
received by both flows i and j are more than their guaranteed services.
The above analysis reveals that it is infeasible to carry out equivalent decomposition of the GPS system by simply
setting the guaranteed service rates of traffic flows as the service capacities of individual SSSQ systems. Therefore,
for the purpose of equivalent flow-decomposition, we need to investigate how a traffic flow shares its excess service
with the other flow.
3.3. Service capacities of SSSQ systems
In what follows, we will present a new scheme to analyze the excess service sharing behavior and further derive
the service capacities of SSSQ systems resulting from the equivalent flow-decomposition of the original GPS system.
The accuracy of this scheme will be validated in Section 5.
Let ei denote the excess service of flow i. ei can be given by
ei = μiC − mi. (7)
If ei  0, it means flow i actually has no excess service. In order to clarify how a traffic flow shares its excess service
with the other, without loss of generality, we need consider the following two situations with different combinations
of ei and ej (i, j ∈ {1,2} and i = j ). Note that in stable GPS systems ei + ej > 0.
• Situation I (ei  0 and ej  0):
Obviously, the excess service is utilized by the traffic buffered in the queue. When the mean arrival rate is less
then the corresponding guaranteed service rate, traffic burstiness plays a key role in the amount of traffic residual
in the queue. Equation (3) shows that the variance of the amount of traffic flow i arriving at time t is proportional
to aimi . Therefore, the excess service is shared among traffic flows approximately in proportion of aimi . Taking
Hurst parameter which indicates the degree of scale-invariant burstiness into account, we propose to calculate the
service capacities, cˆi and cˆj , taken by flows i and j from each other as follows:
cˆi = ej
(
aimi
aimi + ajmj
) 1
2H
, (8)
and
cˆj = ei
(
ajmj
aimi + ajmj
) 1
2H
. (9)
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Under this situation, the guaranteed service rate of flow i is less than its mean arrival rate, while that of flow j
is larger than its mean arrival rate. The service capacity, cˆi , that flow i gains from flow j consists of two parts.
Firstly, a portion of the excess service of flow j is taken by flow i to supplement its service deficit, i.e., −ei .
Secondly, the residual excess service, i.e., ej + ei , is shared by traffic flows i and j in proportion of aimi .
Following the above analysis of Situation I, the service capacity that flow i obtains from the residual excess
service is (ej + ei)( aimiaimi+ajmj )
1
2H
. Therefor, cˆi can be given by
cˆi = −ei + (ej + ei)
(
aimi
aimi + ajmj
) 1
2H
. (10)
Since ei < 0, flow i has no excess service to share with flow j . Therefore, the service capacity taken by flow j
from flow i is
cˆj = 0. (11)
According to the above-detailed analysis of the excess service of traffic flows, the actual service capacities of SSSQ
systems are equal to their corresponding guaranteed service capacities plus the extra capacities gained from the excess
service of other traffic flows. Thus, the actual service capacities ci and cj can be written as
ci = μiC + cˆi; cj = μjC + cˆj . (12)
By substituting cˆi and cˆj into Eqs. (12), we can derive the actual service capacities ci and cj under the aforementioned
two situations as follows:
• Situation I (ei  0 and ej  0):
ci = μiC + (μjC − mj)
(
aimi
aimi + ajmj
) 1
2H
, (13)
and
cj = μjC + (μiC − mi)
(
ajmj
aimi + ajmj
) 1
2H
. (14)
• Situation II (ei < 0 and ej > 0):
ci = mi + (C − m1 − m2)
(
aimi
aimi + ajmj
) 1
2H
, (15)
and
cj = μjC. (16)
4. Queue length distribution of individual traffic flows
Upon determining the actual service capacities, the original GPS system subject to self-similar traffic is equivalently
decomposed into individual SSSQ systems. The performance modeling and analysis of the original complex GPS
system can be transformed to dealing with these equivalent but relatively simple SSSQ systems. Particularly, the
queue length distributions of individual traffic flows can be investigated by addressing those of the corresponding
SSSQ systems. In what follows, we will briefly introduce the generalized Schilder’s theorem [1,11,12,17], which is a
Large Deviation Principle (LDP) for Gaussian processes. Large deviation is a theory for examining the properties of
rare events, such as their frequency and most probable way of occurrence. We will then present an LDP-based method
for deriving the upper and lower bounds of the queue length distribution of an SSSQ system.
The generalized Schilder’s theorem is defined on a separable Banach space Ξ = ΩN , Ω = {ω | ω is a continuous
mapping R→R, ω(0) = 0, and limt→±∞ ω(t)1+|t | = 0}, which has the following norm
‖ω‖Ω = sup
{
ω(t)
: t ∈R
}
. (17)t 1 + |t |
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as Γ1(·,·),Γ2(·,·), . . . ,ΓN(·,·), respectively. Since Zi (1  i  N ) is a centered Gaussian process, by virtue of its
covariance function Γi(·,·) we can generate a Hilbert space Si . Further, we can construct an N -dimensional Hilbert
space S=∏Ni=1 Si . It can be proven that S is a subsect of Ξ [1,11,12,17]. The norm of S can be defined as follows:
∥∥(f1, . . . , fN)∥∥2S = 〈(f1, . . . , fN), (f1, . . . , fN)〉S =
N∑
i=1
〈fi, fi〉. (18)
According to the generalized Schilder’s theorem, Z = (Z1,Z2, . . . ,ZN) satisfies the following LDP:
• (Upper bound) for closed set F ⊂ Ξ :
lim sup
N→∞
1
N
logP
(
Z√
N
∈ F
)
− inf
ω∈F I (ω); (19)
• (Lower bound) for open set G ⊂ Ξ :
lim inf
N→∞
1
N
logP
(
Z√
N
∈ G
)
− inf
ω∈GI (ω), (20)
where
I (ω) =
{ 1
2‖ω‖2S, if ω ∈ S,
∞, otherwise. (21)
Applying this LDP to solve a problem of rare events, the key is to find the most probable path  in the addressed
set Ω ⊂ S (referred to as path set), which minimizes function I (), namely, ∀ω ∈ Ω , I () I (ω). In this case, an
upper bound of set Ω can be set as P(Ω) exp(−I ()).
In order to study the probability distribution of the queue length (i.e., P(Qi > x)) of SSSQi using the above LDP,
we need to consider Qi > x as rare events and investigate the most probable path of {Qi(0) > x} [1,11,12,17].
Proposition 1. The most probable path in set {Qi(0)  x} is
Zi(t) = −x + (ci − mi)tx
aimit2Hx
Γi(tx, t), (22)
where tx < 0 and tx = arg mint Y (t),
Yi(t) = (−x + (ci − mi)t)
2
aimit2H
. (23)
Following Proposition 1 and the generalized Schilder’s theorem, the upper bound of the queue length distribution
of SSSQi can be expressed as
P(Qi > x) exp
(
−1
2
(−x + (ci − mi)tx)2
aimit2Hx
)
. (24)
Since the fBm traffic flow Ai(t) fed into SSSQi is a Gaussian process in nature, a corresponding lower bound can be
given as follows:
P(Qi > x)Φ
(
x − (ci − mi)tx√
aimit2Hx
)
, (25)
where Φ(·) is the residual distribution function of the standard Gaussian distribution. In Algorithm 1, we summarize
the procedure for calculating the upper and lower bounds of queue length distributions for individual traffic flows.
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Require: Service capacity C of the GPS system; Hurst parameter H , variance coefficients ai and aj , mean arrival rates mi and mj , and GPS
weights μi and μj of fBm traffic flows i and j (i, j ∈ {1,2} and i = j )
1: ei ← μiC − mi ;
2: ej ← μjC − mj ;
3: if Situation I: ei  0 and ej  0 then
4: Derive service capacities ci and cj of SSSQi and SSSQj using Eqs. (13) and (14);
5: else
6: Derive service capacities ci and cj of SSSQi and SSSQj using Eqs. (15) and (16);
7: end if
8: for each queue length x do
9: Use Eq. (23) to calculate tx for traffic flows i and j ;
10: Substitute tx into Eqs. (24) and (25) to calculate the upper and lower bounds of the queue length distributions for flows i and j .
11: end for
Table 1
The parameter settings in Scenarios A and B, and in Cases I, II, and III
(a) (b)
μ1 μ2
Scenario A 0.4 0.6
Scenario B 0.5 0.5
m1 m2
Case I 80 30
Case II 55 55
Case III 30 80
5. Validation and performance analysis
In this section, we investigate the effectiveness and accuracy of the proposed flow-decomposition approach to mod-
eling the addressed GPS system. Specifically, we first calculate service capacities of SSSQ systems and then obtain
the desired upper and lower bounds for the queue length distributions of individual traffic flows using Eqs. (23)–(25).
We then compare the analytical bounds and the performance results obtained from simulation experiments. For this
purpose, we developed a simulator for the addressed GPS system using the C++ programming language. The condi-
tionalized Random Midpoint Displacement algorithm (RMD3,3) [18] was adopted to generate fBm self-similar traffic
traces owing to its ability of producing real-time fBm traffic without prior knowledge of simulation trace length.
Moreover, the computational complexity of this algorithm is linear as the trace length increases, thus keeping the time
complexity of simulation at a reasonable level.
We have conducted extensive simulation experiments and reached similar performance conclusions under different
scenarios. In what follows we will present the results of two typical scenarios of the GPS system with service capacity
C = 120, where the Hurst parameter of the two fBm traffic flows, denoted by fBm1 and fBm2, are H = 0.8. The two
scenarios differ from each other in terms of the weights of traffic flows, i.e., μ1 and μ2 (see Table 1(a)). Specifically, μ1
and μ2 have different values in Scenario A, while in Scenario B their values are the same. The motivation for choosing
these two combination of traffic weights is to investigate the accuracy of the proposed approach under different traffic
weight settings. Under each scenario, we further test three most representative cases where the settings of mean traffic
arrival rates, m1 and m2, are different (see Table 1(b)). fBm1 dominates the input of the GPS system in Case I, while
in Case III fBm2 dominates the input. In Case II, fBm1 and fBm2 are equivalent.
Figures 4–5 present the analytical upper and lower bounds of the queue length distributions as well as the simulation
results corresponding to fBm1 and fBm2. The solid curves with signs ‘,’ ‘,’ and ‘∗’ represent the upper and lower
bounds, as well as the simulation results of fBm1, respectively. The dashed curves with signs ‘◦,’ ‘,’ and ‘♦’ represent
the corresponding upper and lower bounds and the simulation results of fBm2.
5.1. Scenario A: μ1 = 0.4 and μ2 = 0.6
This scenario aims at examining the performance of the proposed flow-decomposition approach to modeling a GPS
system, where the weights of traffic flows are different. As illustrated in Fig. 4, in all three cases the curves repre-
senting simulation results of both fBm traffic flows are well situated within the scopes between their corresponding
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(c) Case III.
Fig. 4. The comparison between the analytical upper and lower bounds and simulation results of the queue length distributions in Scenario A:
μ1 = 0.4 and μ2 = 0.6.
analytical upper and lower bounds. This observation reveals the accuracy of the analytical bounds and the proposed
flow-decomposition approach.
We can further find that the queue length distribution curves (i.e., the analytical upper and lower bounds as well
as simulation results) for both fBm1 and fBm2 appear in Figs. 4(b) and (c). On the other hand, in Figs. 4(a) only the
curves for fBm1 can be plotted. This phenomenon is due to the relatively small mean arrival rate of fBm2 in Case I, as
compared to its guaranteed service rate. Consequently, the queue of fBm2 is almost empty.
5.2. Scenarios B: μ1 = μ2 = 0.5
This scenario investigates the accuracy of the proposed flow-decomposition approach to modeling a GPS system,
where fBm1 and fBm2 have the same weight. We can observe from Fig. 5 that under all cases the curves representing
simulation results are also well situated within the scopes between their corresponding analytical upper and lower
bounds.
Note that Case II in Scenario B is a special one, where the parameter settings of both traffic flows are the same.
As a consequence, we can see from Fig. 5(b) that the upper and lower bounds of fBm1 completely superpose those of
fBm2. Because of the stochastic nature of simulation, the curves corresponding to simulation results of fBm1 and fBm2
do not superpose each other.
From the above-presented results, we have found that for all individual traffic flows in different cases under different
scenarios, their simulation results are well situated within the scopes of their corresponding upper and lower bounds.
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(c) Case III.
Fig. 5. The comparison between the analytical upper and lower bounds and simulation results of the queue length distributions in Scenario B:
μ1 = 0.5 and μ2 = 0.5.
This observation implies that the proposed flow-decomposition approach to modeling GPS systems is considerably
effective and accurate in (1) decomposing the GPS system into equivalent SSSQ systems and deriving their actual
service capacities, and (2) further presenting the upper and lower bounds of the queue length distributions of individual
traffic flows in the original GPS system under various working conditions.
6. Conclusions
Many recent studies have convincingly revealed that realistic traffic in modern communication networks exhibits
noticeable scale-invariant bursty nature. This multifractal-like behavior of network traffic has a deteriorating impact on
the performance of network components and user-perceived QoS. Previous analytical models of GPS systems subject
to the traditional Short Range Dependent (SRD) traffic are no longer valid in the presence of self-similar traffic.
To fill this gap, this study was motivated to develop an analytical tool for quantitatively and accurately evaluating
the effects of self-similar traffic on the performance of the GPS scheduling mechanism. Specifically, we have proposed
a novel and cost-efficient flow-decomposition approach to analytically modeling the GPS system under self-similar
traffic. Based on the comprehensive analysis on the excess service sharing behavior of traffic flows, we have equiv-
alently decomposed the GPS system into individual Single-Server Single-Queue (SSSQ) systems and derived their
service capacities. Furthermore, we have presented the analytical upper and lower bounds of the queue length distrib-
utions for individual traffic flows. Through comparisons between analytical bounds and extensive simulation results,
we have validated the effectiveness and accuracy of the proposed flow-decomposition approach.
X. Jin, G. Min / Journal of Computer and System Sciences 74 (2008) 1055–1066 1065There are several directions for our future work. First, the GPS system addressed in this paper is subject to two
traffic flows, in our future work we will extend the proposed flow-decomposition approach to GPS systems subject to
multiple self-similar traffic flows. Secondly, based on the results (i.e., the upper and lower bounds for queue length
distributions of individual traffic flows) obtained in this paper, we will investigate other important QoS performance
metrics of GPS systems, such as packet delay and loss probabilities. Besides, GPS is an idealized traffic scheduling
mechanism, which does not take into account packet length and service time. In our future work, we will study the
application of the proposed approach to its variant, i.e., the packet-based GPS (PGPS), which considers both packet
length and service time.
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